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This study demonstrates that the asymmetry of cell-free layer widths in small arterioles persists up to six vessel-diameter downstream of a bifurcation under reduced flow conditions. The symmetry recovery is further retarded by red blood cell (RBC) aggregation and seems to be unapparent within the limited interbifurcation distances in arteriolar networks.
ARTERIOLAR BLOOD FLOW IS THE primary supply for the tissue oxygenation. Frequent branching of the arteriolar networks facilitates the distribution of red blood cells (RBCs) to the peripheral capillary networks. Homogeneous RBC distribution over the entire vascular network is a key determinant for the tissue survivability and eventually organ functionality. However, potential perturbation to RBC flow at the bifurcations can lead to spatial heterogeneity in the tissue perfusion (9) . Previous in vivo (46, 47) and in vitro (10, 21) studies have evaluated the succession of such heterogeneous RBC distribution in a serial bifurcation, which is likely attributed to plasma skimming (34) and cell screening (15) . A number of studies have also highlighted the effect of RBC core eccentricity (11, 14, 26) in the parent vessel of bifurcation on the RBC distribution in the downstream daughter vessels. Nonetheless, these studies have generally concurred that upstream RBC distributions consequentially determine the downstream cell partitioning in the bifurcations.
RBC reorganization across the vessel is a consequence of dynamic interaction among the cells under shear flow. Accordingly, a representative hemodynamic indicator of the cell reorganization is the cell-free layer (CFL) that results from the central accumulation of RBCs due to their axial migration towards the flow center. In particular, plasma skimming is enhanced by formation of a thicker CFL in the upstream flow of the bifurcations (44, 51) . Therefore, the CFL is an important indicator of RBC partitioning at the bifurcations, which determines the RBC distribution in the microvascular network.
In our previous studies (41, 42) , we demonstrated the formation of CFL near arteriolar bifurcations with limited proximities (within 2 vessel-diameter from a bifurcating point). The analysis within such a limited vessel segment length could not fully ascertain the blood flow development and the dynamics of CFL formation after arteriolar bifurcations. Specifically, the morphological feature of frequent branching in the arteriolar network could be one of the constraints for the partitioning of blood stream. As such, the cell distribution in an arteriolar vessel segment farther downstream from a bifurcation is needed to better characterize the overall tissue perfusion. In addition, pathologically reduced flow conditions with intensified elevation in RBC aggregation could potentially lead to different dynamics of the CFL formation from that under physiological conditions. Therefore, in the present study, we investigated the formation of CFL in the downstream vessels of arteriolar bifurcations up to six vessel-diameter from the bifurcating point. Furthermore, we hypothesized that RBC aggregation may hamper the development of a symmetric velocity profile and CFL formation in the downstream vessels, in particular under reduced flow conditions. The dynamics of CFL formation was analyzed using the power spectral density data for the spatial variations of the CFL widths. In addition, the potential impact of CFL width variation on the physiological functions of arterioles was evaluated by numerically predicting the bioavailability of NO/O 2 and soluble guanylyl cyclase (sGC) activity in the vessels.
MATERIALS AND METHODS
Animal preparation. A total of five male Sprague-Dawley rats weighing between 170 and 260 g were used in this study. All animal handling and care procedures were in accordance with the National University of Singapore Institutional Animal Care and Use Committee (Approved Protocol No. R15-0225). The animals were anesthetized with a ketamine (37.5 mg/ml) and xylazine (5 mg/ml) cocktail through intraperitoneal injection (2 ml/kg). The surgery was performed on a heating pad to maintain the animal body temperature at 37°C. The animal was tracheotomized and the jugular vein was catheterized for administration of additional anesthetic and dextran solutions during the experiment. The femoral artery was catheterized for blood sample withdrawal and real-time pressure monitoring. All catheters were heparinized with saline (30 IU/ml) solution to prevent the clotting of blood. The rat cremaster muscle was then surgically exteriorized (30) onto a customized animal platform with two heating elements to maintain the muscle temperature at 35°C. A pneumatic cuff (1.5-mm inner diameter) was placed around the abdominal aorta to control the blood flow rate in the muscle. At the end of experiments, the animals were euthanized with an overdose of pentobarbital sodium.
Arterial pressure, hematocrit, and RBC aggregation. Arterial pressure in the femoral artery was continuously monitored with a physiological data-acquisition system (TSD 104A; BIOPAC Systems, Goleta, CA) throughout the course of experiment. Hematocrit was determined with a microhematocrit centrifuge (Sigma 1-14 Microcentrifuge; Sartorius) while the level of RBC aggregation (M-index) was measured using an optical aggregometer (MA1 Aggregometer; Myrenne, Roetgen, Germany) based on the 10-s setting with M0 mode (stationary state). To establish hemorheological relevance to human, RBC aggregation was elevated to the levels observed in healthy human (normal aggregating, M-index ϭ 12-16; Ref. 31 ) and in pathological conditions (hyperaggregating, M-index Ͼ 20; Ref. 43) by infusion of Dextran 500 (Pharmacosmos) dissolved in saline (60 mg/ml). For normal levels of aggregation, a total of 200 mg/kg body wt was infused over the course of 2 min to achieve a plasma-dextran concentration of ϳ0.6%. For hyper levels of aggregation, a total of 250 mg/kg body wt was injected to produce a plasma-dextran concentration of ϳ0.8% (42) . The nonaggregating condition (M-index ϭ 0) was achieved without infusion of the dextran since rat RBCs do not form aggregates in autologous plasma as reported in previous studies (3, 4) .
Experimental setup. The animal was mounted onto the microscopic stage and visualized under an intravital microscope (BX51; Olympus) with a ϫ40 water-immersion objective (LUMPlanFL 40ϫW; Olympus) and a long working condenser (WI-OBCD; Olympus). A larger daughter vessel [inner diameter (D) ϭ 51.5 Ϯ 1.3 m] downstream of an arteriolar bifurcation was chosen on the basis of clear image focus and good image contrast. The vessel region at 2D to 6D downstream of the bifurcation (vessel length-to-diameter ratio of 4:1) was then selected for the CFL width acquisition (Fig. 1) . It should be noted that the present study focused on the vessel region 2D-6D from the bifurcation since it was not feasible to have clear image focus on a vessel segment further than 6D away from the bifurcation point. This technical limitation of having only the 4D length of segment for the study is due mainly to the three-dimensional morphological structure of the arteriolar network in the muscle. Furthermore, with the current magnification (ϫ40), the field-of-view (215 ϫ 215 m) only permits a total segment length of 4D to be recorded. A blue filter (Model No. B390; HOYA) with peak transmission at a wavelength of 394 nm and spectral bandpass at 310 -510 nm was used to enhance the contrast between RBCs and the background. To examine the effect of RBC aggregation, the arterial pressure was reduced to ϳ50 mmHg by pressurizing the pneumatic cuff surrounding the abdominal aorta with an air-filled syringe. Blood flow was recorded using a high-speed video camera (FASTCAM-1024PCI; Photron) at 3,000 frame/s for 1 s. The cuff pressure was subsequently released for the arterial pressure to stabilize in the normal pressure range before infusion of Dextran 500 to elevate the RBC aggregation to either normal or hyper levels.
CFL width and RBC velocity measurements. The CFL width was defined as the plasma layer devoid of RBCs, located between the vessel walls and the outer edge of the RBC core. An automated algorithm (29) was utilized to determine the spatial profile of the CFL widths along the vessel at each timeframe (1/3,000 s). To minimize the effect of the spatial nonuniformity of the vessel diameter, the CFL data were normalized by the mean arteriolar radius. The spatiotemporal variations of the CFL width have been determined under the three different aggregating conditions (non-, normal, and hyperaggregating conditions). The spatial resolution of the CFL width measurement using our microscopic system was ϳ0.42 m. To describe the mean values of the CFL data, the CFL widths were averaged both temporally and spatially ( Table 1) . The maximum velocity of the blood flow (Vmax) was determined by performing an image crosscorrelation algorithm with the sequential images extracted from the high-speed video recording (38) . The pseudoshear rate was defined by V mean/D, where Vmean is the mean flow velocity approximated by dividing Vmax by a correlation factor of 1.6 (1). All bifurcation images were oriented to a "y" shape in which the apex of the bifurcation was located within the projection of the center half of the parent vessel. Correspondingly, the location of "inner wall" and "outer wall" of the larger daughter arteriole used in this study is depicted in Fig. 1 .
Power spectral density analysis of CFL width variation. To better understand the dynamic characteristics of the CFL formation down- stream of an arteriolar bifurcation, the power spectral density analysis was performed to describe the spatial variations of normalized cellfree layer (NCFL) widths from 2D to 6D of the vessel. The fast Fourier transforms (FFT) were used to decompose the discretized space-domain NCFL width data along the arteriole () into their constituent amplitudes in the power spectral density (⌽) (7) as follows: (1) where n and N refer to the number of harmonics and total number of data points respectively, k is the frequency (cycles per diameter), and i is ͙ Ϫ1. The spatial resolution of the temporally averaged NCFL widths along the downstream vessel (2D-6D) was ϳ0.42 m/pixel. Therefore, the spatial resolution in diameter was ϳ8.155e Ϫ3 D/pixel that is considerably substantial for the analysis.
Numerical prediction of NO/O2 distribution. We extended our previously developed image-based two-dimensional transient model (40) to account for the spatiotemporal variations of the core hematocrit (H c) and velocity profile. The detailed mathematical descripts for the simulation are provided in APPENDIX. In brief, the gas diffusion simulation was performed for five compartments: the blood lumen (BL), CFL, endothelial cells (EC), vessel wall (VW), and smooth muscle tissues (SM) (see Fig. A1 ). To account for the spatiotemporal variation of the CFL widths in the model, the BL-CFL boundary was updated with the in vivo CFL widths from the two-dimensional planar microscopic images at every 1/3,000 s. The adjacent EC and VW layers were then defined in the simulation domain with their respective thicknesses (see Table A1 ). The entire simulation domain was maintained at an aspect ratio of 2:1 (width of simulation domain:vessel length).
The finite difference method, FTCS (Forward in Time Ϫ Central in Space) scheme, was utilized to discretize the simulation domain with a constant global time step of 1/3,000 s, which corresponded to the temporal resolution of the CFL-RBC boundary variations from the in vivo experimental data. The maximum grid resolution as specified by the image spatial resolution (0.42 m/node) was applied to the entire simulation domain and the validity of the numerical method and the grid independence of the solution have been verified in our earlier study (40) . NO concentration was initialized to zero in all compartments and the H c-dependent PO2 was maintained constant in the BL and zero in all other compartments. The simulation was then performed for 1 s to obtain the initial conditions for the transient simulation using the same CFL width data.
To quantify the imbalance of NCFL widths and NO/PO 2 distribution, we defined the asymmetry index as follows:
where represents the corresponding components NCFL, NO, and PO2 on the outer and inner walls. Hence, the asymmetry can range from 1 to Ϫ1 where a positive value corresponds to a larger component on the outer vessel wall. A zero asymmetry indicates perfect symmetry in the components on opposite sides of the vessels.
Spatiotemporal variations of core hematocrit and velocity profile. A step function was used to describe the hematocrit (H) distribution (BL:
H ϭ H c; CFL: H ϭ 0) in the arterioles (52) . To consider the spatiotemporal variations of Hc in the model, the downstream daughter arteriole was segmented into four individual diameter-segments (j ϭ 1 to 4) (Fig. 1 ). As such, each diameter-segment of the vessel possessed its own transient profile of H c (Hc j ) at each time frame, which was obtained from the mass balance of Hc j and the systemic hematocrit (Hsys) as follows (40):
where x 1 represent the boundaries of BL and CFL. By utilizing a two-phase model for the blood flow in the vessel (49), a representative velocity profile was derived (Eq. 4) for each diameter-segment j at each time step.
where a, b, and c are constants and c is the viscosity of the RBC core, which varies linearly with Hc (52). The vessel walls are demarcated by x2. The WSS along the arteriolar walls were then determined by using the first derivative of the velocity profiles. The skewness of the velocity profiles () was then determined as follows:
Therefore, can vary from 1 to Ϫ1 where a positive value corresponds to velocity profiles being skewed towards the outer vessel wall. A zero value indicates that the velocity profile is symmetric. Statistical analysis. A statistical software package (Prism 6.0; GraphPad) was used for all statistical analyses. Two-tailed paired t-tests were performed to compare the statistical significance of the difference between the CFL widths as well as the simulation results on both sides of the vessel wall. The one-way ANOVA test with post Bonferroni multiple comparison test was utilized to determine the statistical significance of differences in the CFL width among the three aggregating conditions. All physiological and rheological data are reported as means Ϯ SD unless otherwise stated. For all tests and regression fits, P Ͻ 0.05 was regarded as statistically significant. The relation between two parameters was considered statistically significant when the slope of regression fit was significantly deviated from zero (P Ͻ 0.05). Values are means Ϯ SD. Hct, hematocrit; NCFL, normalized cell-free layer; MAP, mean arterial pressure; PSR, pseudoshear rate. *P Ͻ 0.001, significant difference from outer wall. †P Ͻ 0.01, ‡P Ͻ 0.001, significant difference from nonaggregating condition. §P Ͻ 0.001, significant difference from normal aggregating condition
RESULTS
Systemic parameters. All systemic parameters are listed in Table 1 . No significant difference was observed among the three aggregating conditions for hematocrit, mean arterial pressure (MAP), pseudoshear rate (PSR), and vessel diameter. The levels of RBC aggregation (M-index) were in the similar range to physiological (13.3 Ϯ 2.5) and pathological levels (23.0 Ϯ 3.4) reported in a previous study (42) .
CFL development. The mean NCFL widths on opposite sides of the downstream arteriole for different aggregating conditions are listed in Table 1 . On the outer wall, the NCFL widths were significantly enhanced in the normal (P Ͻ 0.001) and hyperaggregating conditions (P Ͻ 0.001), and significantly elevated (P Ͻ 0.001) from normal to hyperaggregating conditions. Similarly, the mean NCFL widths on the inner wall were significantly greater in the normal (P Ͻ 0.01) and hyperaggregating (P Ͻ 0.001) conditions than in the nonaggregating condition, and significantly higher (P Ͻ 0.001) in the hyperaggregating condition than in the normal aggregating condition. It is noted that the extent of NCFL width increase by RBC aggregation was substantially larger on the outer wall (nonaggregating ¡ normal aggregating ¡ hyperaggregating: 14.4 Ϯ 2.1% ¡ 21.3 Ϯ 3.4% ¡ 23.6 Ϯ 2.7%) than on the inner wall (11.1 Ϯ 1.1% ¡ 13.5 Ϯ 1.2% ¡ 15.3 Ϯ 1.7%). Additionally, the NCFL widths were also greater on the outer wall than on the inner wall in the normal (P Ͻ 0.001) and hyperaggregating (P Ͻ 0.001) conditions.
The spatial distribution of the NCFL widths was averaged temporally and divided into 10 equally spaced-bins as shown in Fig. 2 . To describe the formation of CFL along each side of the arteriole from 2D to 6D downstream of a bifurcation, separate linear regression curves were used to fit the NCFL width data for each aggregating condition. Accordingly, a significant trend of NCFL reduction was observed along the outer wall with RBC aggregation (normal aggregating: P Ͻ 0.05, hyperaggregating: P Ͻ 0.05) (Fig. 2A) . In contrast, the NCFL widths along the inner wall did not exhibit any apparent variation regardless of the aggregating conditions (Fig. 2B) . Figure 2C shows the spatial variations of the asymmetry of NCFL widths fitted with linear regression curves. The asymmetry in the NCFL widths did not display any statistically significant recovery towards zero in the arteriole at 2D to 6D downstream of a bifurcation regardless of the aggregating conditions.
The power spectral density analysis of the NCFL data revealed a periodic fluctuation along both sides of the arteriole from 2D to 6D downstream of a bifurcation (Table 2) . A typical profile NCFL width along the arteriolar wall and its power spectral density is also shown in Fig. 3 . In addition, a significant decrease (P Ͻ 0.01) in the mean first principal frequency (f 1 ) of the CFL variations (cycles per diameter) was observed with elevated levels of RBC aggregation on the inner wall (0. The relation between the NCFL widths and the distance along the outer wall was significant (P Ͻ 0.05) in the normal and hyperaggregating conditions. 0.004 in hyperaggregating conditions. This suggests that the flow in the arteriole at 2D to 6D downstream of a bifurcation is asymmetric and skewed towards the outer wall regardless of the aggregating conditions. Furthermore, the mean along the vessel was significantly different (P Ͻ 0.05) between the nonaggregating and hyperaggregating conditions. However, it is noted that a significant slope (P Ͻ 0.05) was observed only for the nonaggregating condition (Fig. 4B) .
Activation of soluble guanylyl cyclase. To provide an insight on how the spatial variations of the CFL width might have modulated the vascular tone along the arteriole downstream of a bifurcation, the NO activation of sGC in the SM was numerically simulated and quantified by (refer to APPENDIX for more detailed information on the simulation):
where K m and n are the apparent Michaelis constant and Hill coefficient, respectively (16) . As shown in Fig. 5 , the mean sGC activation along the arteriole diminished significantly with aggregation on opposite sides of the arteriole (P Ͻ 0.001). Specifically, the mean sGC activation along the arteriolar walls in the hyperaggregating condition (outer wall: 7.13 Ϯ 0.63%, inner wall: 16.00 Ϯ 1.59%) was significantly lower (P Ͻ 0.001) than that in the normal aggregating condition (outer wall: 14.18 Ϯ 2.06%, inner wall: 27.15 Ϯ 1.60%). In addition, the linear regression curves of sGC activity showed a contrasting relation along the outer wall and inner wall. The sGC activation increased along 2D to 6D of the outer wall in all aggregating conditions (nonaggregating: P Ͻ 0.001; normal aggregating: P Ͻ 0.001; hyperaggregating: P Ͻ 0.01) while along the inner wall, sGC activation decreased from 2D to 6D in the nonaggregating condition (P Ͻ 0.001). Moreover, the slope of the linear regression for the sGC activation along the outer wall remained significantly lower (P Ͻ 0.01) in the hyperaggregating condition (slope ϭ 0.4) compared with that in the normal aggregating condition (slope ϭ 1.5). On the inner wall, the slope of the linear regression for the sGC activation in the hyperaggregating condition (slope ϭ Ϫ0.6) was also significantly different (P Ͻ 0.05) from that in the nonaggregating condition (slope ϭ Ϫ2.1).
DISCUSSION
We investigated the formation of CFL at 2D to 6D downstream of a bifurcation in arteriolar networks. Furthermore, this study examined the influence of RBC aggregation on the asymmetry of CFL and velocity profile after the bifurcation under reduced flow conditions, which could provide insights into how the RBC flow and CFL development are altered in pathophysiology. Uneven CFL widths were observed on opposite sides of the downstream arteriole in conjunction with an asymmetric flow velocity profile. This potentially leads to pronounced variations in the WSS acting on opposite sides of the arteriole, resulting in the imbalanced biotransport of NO along the arteriole. Consequently, such uneven concentrations of NO could affect the vascular tone in the arteriolar network by altering the sGC signaling.
Effect of aggregation on formation of CFL along arteriole. The formation of CFL is determined by the balance between cell-cell attraction forces and shear-induced dispersive forces Fig. 3 . Typical spatial distribution of NCFL along the arteriolar wall (top row) and its power spectral density (PSD) (bottom row) for non-, normal, and hyperaggregating conditions (left, middle, and right column), respectively. acting on the RBCs (23) . As expected, the formation of CFL on opposite sides of the arterioles was enhanced by aggregation (Fig. 2) . This is attributed to the enhanced axial migration of the RBCs as a result from the aggregation-augmented attractive forces among the cells (55) . The asymmetric elevation of the CFL widths on the outer wall is in agreement with our previous observation (42) at the immediate proximities after an arteriolar bifurcation (0D-2D) where RBC aggregation augmented the formation of CFL on opposite sides of the vessel to different extents. Despite the substantial difference in the flow conditions between the previous (PSR ϭ 68 -77 s Ϫ1 ; Ref. 42 ) and the present (PSR ϭ 9.3 Ϯ 1.8 s
Ϫ1
) studies, RBC aggregation imposed a more significant influence on the outer arteriolar wall. Evidently, a significant linear decrement of NCFL widths at 2D to 6D along the outer arteriolar wall was found in the normal and hyperaggregating conditions (Fig. 2A) . This difference was likely stemmed from the presence of an uneven RBC distribution, leading to the formation of nonaxisymmetric NCFL widths along the arterioles farther downstream of the arterioles. Furthermore, such asymmetric CFL resulted in different shear profiles on opposite sides of the vessel, which in turn influences the dynamics of aggregate formation. The migration of the RBC core towards the outer wall illustrates the natural tendency of the RBC flow to recover its symmetry downstream of a bifurcation. However, as shown in Fig. 2C , such recovery was not fully achieved even at 6D distance away from the bifurcation, providing a potential evidence of asymmetric RBC flow in the arteriolar network.
The mean NCFL widths on both sides of the vessel wall was reported to exhibit increasing trends at 0D-2D after an arteriolar bifurcation (42) . In contrast, in the present study, we found that the NCFL widths were relatively constant along the inner wall at 2D-6D downstream of the daughter vessel. This result implies the consistency in the development of the NCFL widths after an arteriolar bifurcation. The disturbance in the RBC flow at a bifurcation resulted in a large decrement in the NCFL widths along the inner wall from the parent vessel to the entrance of the daughter vessel (0D) (41) . This reduced NCFL widths was observed up to 6D downstream of an arteriolar bifurcation (Fig. 2B) . While RBC aggregation promoted the axial migration of aggregates, which led to an elevated rate of NCFL width increment in hyperaggregating conditions from 0D-2D, this enhanced rate did not sustain past 2D downstream of a bifurcation as illustrated in our result (Fig. 2B) . The slope of NCFL widths development on the outer wall in hyperaggregating condition appeared to be lower than that in normal aggregating condition (Fig. 2A) . Although RBC aggregation was reported to enhance the migration rates of RBCs at low shear rates (5), the compact RBC core formed at the hyperaggregation level and reduced flow rates in this study could concomitantly hinder the dissociation and reorganization of RBCs from the large RBC aggregate clusters after a bifurcation. Consequently, this could be responsible for the disparity in the effect of aggregation in the recovery of NCFL asymmetry shown in Fig. 2C .
On the other hand, power spectral density analyses on the spatial variations of NCFL widths revealed that the spatial variability of CFL was diminished significantly with RBC aggregation on the inner arteriolar wall, corresponding to the decrease in f 1 ( Table 2 ). The discrepancy on the significance of this effect on opposite sides of the arteriole is likely due to the geometric constraints on the RBCs along the inner wall of the arteriole. Accordingly, an increase in the frequency of RBCs protruding into the RBC core on the inner arteriolar wall (43) could further promote the formation of RBC aggregate, thus leading to a reduction in the spatial variation of CFL widths on the inner wall.
Development of asymmetric blood flow. Previous in vivo (41, 42) and theoretical (25, 56) studies have reported the development of markedly asymmetric velocity profiles at a bifurcation. Recently, Sherwood et al. (50) also demonstrated the enhanced formation of asymmetric velocity and hematocrit profiles with RBC aggregation in a sequential bifurcation of microchannel. This is in consensus with our observations where the development of an asymmetric velocity flow profile was enhanced by RBC aggregation (Fig. 4B) , due to the preferential elevation of CFL widths on the outer wall of the bifurcation. While Pries et al. (46) postulated that a length of ϳ10D (for rat mesenteric arterioles of D ϭ ϳ10 to 30 m) was required for hematocrit profile to re-establish an approximately axisymmetric distribution in rat mesenteric arterioles, such a length scale is greater than an interbifurcation distance (ϳ8D for arterioles of D ϭ ϳ50 m) reported in a rat cremaster arteriolar network (41) . Herein, we also showed that the velocity profiles were unlikely to recover its symmetry in all the aggregation conditions, up to 6D downstream of an arteriolar bifurcation. This was estimated from the point where the fitted linear regression lines cross the x-axis in Fig. 4 . In accordance to previous in vivo observation (46) , the linear regression line for the velocity profiles in nonaggregating condition showed that the velocity profile tended towards symmetry at ϳ8D under the reduced flow condition in this study. This trend was, however, hampered in normal and hyperaggregating conditions in which the distance required for the profile to approach symmetry was estimated to be ϳ16D and 42D, respectively. This further supports our hypothesis that an axisymmetric situation for the CFL width and velocity profile appears to be suppressed in the arteriolar network with RBC aggregation particularly under reduced flow conditions.
In the present study, blood flow near the inner wall of the downstream vessel is expected to constitute more cells than that near the outer wall since the former was closer to the cell-concentrated central region of the blood flow in the upstream vessel (37) . As a result, lower velocities were associated with flow regimes near the inner wall than the outer wall in the downstream vessel (50) . Based on the velocity profiles for different aggregating conditions, the mean edge velocity at the interface between the CFL and the blood core for the nonaggregating condition was found to be ϳ20% lower (P Ͻ 0.05) at the inner wall (0.247 Ϯ 0.040 mm/s) than the outer wall (0.303 Ϯ 0.027 mm/s) of the daughter vessel. Furthermore, the RBC aggregation appeared to promote this velocity difference compared with nonaggregating condition (0.290 Ϯ 0.033 and 0.411 Ϯ 0.033 mm/s for normal aggregation and 0.241 Ϯ 0.015 and 0.337 Ϯ 0.027 mm/s for hyperaggregation).
NO/O 2 spatial distribution along arteriole. Due to the uneven distribution of RBCs at an arteriolar bifurcation and the CFL widths formed, the corresponding mean WSS on each diameter segment for both sides of the downstream arteriole was highly undulating. The mean WSS was generally attenuated with increasing the levels of aggregation (i.e., normal and hyperaggregation) due to the augmented CFL widths (39) . The mean arteriolar WSS obtained in this study (0.1-0.3 Pa) was notably lower than the physiological range of values (0.6 -5.4 Pa) reported previously (33, 54) due to the reduced flow condition (PSR ϭ 9.3 Ϯ 1.8 s Ϫ1 ). We lowered the mean arterial pressure (MAP ϭ ϳ50 mmHg) to simulate pathologically reduced flow conditions and to provide favorable shear conditions (Ͻ10 s Ϫ1 ) for the formation of RBC aggregates. Accordingly, the mean WSS was significantly reduced from the non (0.22 Ϯ 0.03 Pa)-to hyperaggregating (0.14 Ϯ 0.03 Pa) conditions (P Ͻ 0.01) and from the normal (0.20 Ϯ 0.06 Pa) to hyperaggregating conditions (P Ͻ 0.05) (Fig. 6) . Correspondingly, the maximum NO production rates (R NOmax ) were significantly different (P Ͻ 0.01) between the non (4.03 Ϯ 1.12 M/s)-and hyperaggregating (1.72 Ϯ 0.80 M/s) conditions and (P Ͻ 0.05) between the normal (3.52 Ϯ 1.96 M/s) and hyperaggregating conditions. This strongly suggests that the variations of WSS by aggregation can significantly alter the NO production rates in the arterioles. As expected, the distribution of NO was highly heterogeneous along the vessel and discernibly imbalanced on opposite sides of the vessel. The mean NO concentrations in the hyperaggregating condition (outer wall: 3.18 Ϯ 0.23 nM, inner wall: 6.47 Ϯ 0.61 nM) were significantly attenuated (P Ͻ 0.001) compared with those in the normal aggregating condition (outer wall: 5.78 Ϯ 0.78 nM, inner wall: 10.97 Ϯ 0.75 nM) (see Fig. A2 ). In addition, the slope of the linear regression for the NO concentrations along the outer wall in the hyperaggregating condition (slope ϭ 0.15) was significantly lower (P Ͻ 0.01) than that in the normal aggregating condition (slope ϭ 0.58) (see Table A2 and Fig. A2) . However, the distribution of PO 2 was relatively balanced on both sides of the vessel wall compared with the NO. Nonetheless, the mean PO 2 along the inner arteriolar wall was significantly diminished (P Ͻ 0.001) in the hyperaggregating condition compared with that in the normal aggregating condition. The enhanced NCFL widths induced by RBC aggregation led to a reduction in WSS, which eventually resulted in a diminution of endothelial NO production along the arteriolar walls. As such, the asymmetric NCFL widths casted by the arteriolar bifurcation, which was enhanced by RBC aggregation, possibly functions synchronously to augment the imbalanced NO/O 2 bioavailability in arterioles.
Potential change in vascular tone. The NO-sGC pathway plays an integral role in regulating the vascular resistance through vasodilation. sGC binds with NO to catalyze the conversion of guanosine 5=-triphosphate (GTP) to guanosine 3=,5=-cyclic monophosphate (cGMP), which is responsible for the cascade of cellular events that eventually results in vascular smooth muscle relaxation (48) . Here, our simulation results showed that sGC activity was largely heterogeneous and significantly attenuated (P Ͻ 0.001) along the arteriole with flow reduction and RBC aggregation at pathological levels. The persistence of such flow conditions concomitantly downregulates the synthesis of endothelial NO synthase (eNOS), which is responsible for catalyzing the production of NO (18) . Similarly, Baskurt et al. (2) reported that the blunted flow-mediated vasodilation and reduced eNOS expression with RBC aggregation were attributed to the decreased WSS.
Limitation of the current study. The dextran-induced RBC aggregation in the present study potentially mediates the CFL formation by a number of other factors such as the modulation of RBC adhesive interactions with the endothelium and variation in the microvessel hematocrit. The relative importance of each of these factors remains to be elucidated in future work. However, it is noted that we did not observe any discernible cell adhesion with the endothelium and significant change in the cellular velocity and systemic hematocrit with the induction of RBC aggregation as reported in our previous study (30) . It is also important to note that the correlation factor (1.6) used in estimation of the mean flow velocity was derived based on the assumption of Poiseuille parabolic flows; thus the V mean could be underestimated when the velocity profile is blunted due to the aggregation (45) .
It has been reported that NO can directly trigger the smooth muscle relaxation by activating the calcium-dependent potassium (K ϩ ) channels (6, 32) . Accordingly, prostacyclin (PGI 2 ) synthesized in the endothelial cells can be released via these activated channels to bind onto the smooth muscle cells (24) . This leads to the production of cyclic adenosine monophosphate (cAMP), which in turn induces smooth muscle relaxation (53) . However, the response of vessels to flow-mediated vasodilation is still dominantly attributed to the production and release of NO from the endothelium (17). Thus our numerical prediction substantially showed the potential impact of persistent asymmetric CFL widths on the impairment in vascular tone change by evaluating NO bioavailability. It should be noted that these findings might be limited in extending to different muscles with contrasting flow conditions. Specifically, the effect of aggregation may be diminished in skeletal muscles under high shear conditions, such as that during exercise. Moreover, the potential local vascular tone change predicted in our results may be overridden by the functional sympatholysis under such conditions (19) .
APPENDIX: SIMULATION FOR GAS DIFFUSION
Governing equations. We have made several assumptions to simplify the numerical model: 1) convective transports of NO and O 2 were neglected along the vessel downstream (28); 2) O2 solubility was assumed the same in all compartments (12); 3) potential PO2 losses along the arteriole were neglected; and 4) a first order reaction rate constant was used in all compartments except the CFL to represent the loss of NO by various sinks (36) . The Cartesian coordinate system was then utilized to generate the five compartments: the blood lumen (BL), CFL, endothelial cells (EC), vessel wall (VW), and smooth muscle tissues (SM) (Fig. A1) . The two-dimensional transient model can then be simplified into Eqs. A1 and A2 as follows:
where C NO,C and ␣C denote the concentration of NO and solubility coefficient of O2, respectively. DO 2 ,C and DNO,C are the diffusion coefficients of NO and O2 in the compartments depicted by the subscript C. RNO,C and RO 2 ,C represent the biochemical reactions of NO and O2 ("Ϫ": consumption or "ϩ": production), respectively. Continuity of NO and PO2 fluxes was imposed at the boundaries of all compartments C in the simulation domain.
where the superscripts "Ϫ" and "ϩ" denote the left and right sides of the boundary, respectively. 
Spatiotemporal variation of NO scavenging by RBCs.
The scavenging of NO in the BL was reported to vary linearly with H c (36) . Therefore, the spatiotemporal variations Hc could be utilized to describe the corresponding alterations in NO scavenging rate by the RBCs at each diameter-segment j of the vessel by:
where b is the reference scavenging rate by the RBCs defined at Hsys ϭ 45% and j denotes the diameter-segment of the vessel (j ϭ 1 to 4).
Spatiotemporal variation of WSS and NO production:. The transient profile of NO production in the EC at each diameter-segment j (R NO,EC j ) is coupled to the PO2 in the endothelium as follows:
where R NO,EC j is the maximum NO production rate determined by the WSS at each j, and Km is the Michaelis-Menten constant in the EC (8) . Accordingly, WSS can be determined by the product of plasma viscosity ( p) and wall shear rate (39) . Here, the wall shear rate can be obtained from the first derivative of the velocity profiles obtained in Eq. 4. Subsequently, the relationship between WSS and R NO,EC j |max can be expressed as:
where WSSNorm is the WSS normalized by WSSref (2.4 Pa) (27) and f(WSSNorm) is a monotonically increasing function that plateaus at unity when WSSNorm ϭ 1, hence giving RNO,EC j |max ϭ RNO,EC|ref. The exponent m value of 2 was used to achieve a similar sigmoidal relation to that obtained in a previous experimental study (13) . NO/O 2 consumption in the VW and SM. NO consumption in the VW and SM was described by the respective pseudo-first-order reaction constants KNO,VW and KNO,SM (12) . Additionally, to take into account the inhibitory effects of NO on O2 consumption in the VW and SM, modified Michaelis-Menten kinetics was used to describe Table A2. the effect (12) , in which the apparent Michaelis constant (appKm) was assumed to increase linearly with NO concentrations (8) .
where Q O 2 ,C|max is the maximum O2 consumption rates in the compartment C, Cref is the reference NO concentration (27 nM), and K M m is the Michaelis constant in the absence of NO (1 Torr). For parameters used in the numerical model, see Table A1 . See Fig.  A2 and Table 2 for the effect of aggregation on mean NO concentrations and PO 2 on the outer wall and inner wall. See Fig. A3 for the effect of aggregation on the asymmetry of NO and PO2 along the arteriole.
